Abstract-In the current study of cognitive relay networks, most related works focus on the effect of interference from secondary users (SUs) to primary receivers (PRs), while neglecting the links from primary transmitters (PTs) to SUs. In this paper, the interference both from SUs to PRs and from PTs to SUs is considered in the analysis of cognitive two-way relay networks with opportunistic relay selection. The exact closed-form expression for the outage probability of the secondary system is derived over Rayleigh fading channels, which is verified through various Monte Carlo simulations. Meanwhile, an asymptotic expression and diversity order are also derived to reveal additional insights into the effect of the mutual interference between the primary and secondary systems on the diversity. Above all, based on the analysis, the effects of the positions of the PT, the PR, and secondary relays on the outage performance of the secondary system are studied. Our results reveal that network placement planning is desperately necessary to achieve a better outage performance. It is shown that the position of relays has a strong impact on the performance, particularly when the number of relays is large. However, when the relative position between the primary system and secondary systems is fixed, the positions of the PT have a very slight impact on the outage performance, which can be neglected. Hence, in practical deployment, when performing cognitive two-way relaying with opportunistic relay selection, proper network placement planning should be carefully addressed.
I. INTRODUCTION
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improve [2] under fading environments. As the combination of these two techniques, cognitive relay networks (CRNs) have recently drawn considerable interest from researchers and has been well studied [3] , [5] - [7] . In the underlay spectrum sharing protocol, secondary users (SUs) are allowed to use the licensed spectrum of primary users (PUs), as long as the interference from SUs to PUs does not exceed the interference power constraints at the primary receivers (PRs). As a result, more work on CRNs has focused on the study of PU's interference power constraints. However, the potential interference from the primary transmitters (PTs) to the secondary receiver is usually not taken into consideration or has been simply translated into the noise term of the SU. In practice, this assumption is unreasonable because the interference is distinguished from the noise by its statistical properties.
On the other hand, to further improve spectral efficiency in wireless networks, network coding [8] has been proposed, which is a promising method aiming to improve the information transmission efficiency in two-way relaying transmission (TWRT). Compared with one-way relay networks, two-way relay networks can obtain higher spectrum efficiency. In TWRT, two sources exchange their messages with the help of one or multiple relays simultaneously. Generally, two-way relaying schemes can be classified into three modes, which are characterized in [9] : 1) conventional two/one-way relaying to achieve a bidirectional transmission, which requires four time slots and has worse bandwidth efficiency; 2) time-division broadcasting (TDBC) whose number of time slots is reduced to three by using physical-layer network coding (PNC); and 3) multipleaccess broadcasting (MABC), which just needs two time slots. Although MABC has the best performance compared with others, there is a difficulty on the data reprocessing for relays, such as analog network coding (ANC) or distributed beamforming [10] , [11] . In addition, power allocation [12] , [13] is needed in terms of two sources simultaneously transmitting in the MABC, whereas that can be avoided in the TDBC. Moreover, a hybrid TDBC-MABC protocol was considered in [14] . In [15] , the TDBC approach has been studied and proved to provide higher throughput than that of the traditional four-time-slot scheme.
Recently, network coding has been applied to cognitive radio systems to implement TWRT in a spectrum sharing scenario. In [16] and [17] , ANC and PNC were adopted in an overlay cognitive two-way relay network, respectively. Duy and Kong in [18] and Pan et al. [19] investigated an underlay cognitive 0018-9545 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
two-way relay network in MABC and TDBC, respectively. However, in [18] , the interference caused by the PT, which cannot be canceled or ignored in an underlay scenario, has been neglected. Motivated by this, we study the effect of the interference from the PT on the outage performance of an underlay cognitive two-way relay network in TDBC mode. In this paper, considering PT's interference, bidirectional transmission is studied in an underlay cognitive network with opportunistic relay selection. Considering both performance and complexity, TDBC mode combined with network coding is adopted to transmit the SU's packets. Moreover, using opportunistic relay selection, a new outage probability of the secondary system is defined to better reflect the performance, and a closed-form expression of the outage probability has been derived. We also analyze the impact of important system parameters on the outage performance. In particular, the transmit power of the PT, as well as interference power constraints at the PU, has a strong effect on the outage probability of the secondary system, and increasing the number of relays is an effective way to improve the outage performance. In addition, to evaluate system outage performance for network placement planning, we also analyze some results on the outage performance of the secondary system by means of changing the network placement (focusing on changing the positions of network nodes), which also provides some meaningful proposals for network placement planning. Generally, the major contributions of this paper are summarized as follows.
• We consider the potential interference from the PT to the secondary receiver and study the opportunistic relaying strategy with the TDBC protocol in cognitive two-way relay networks.
• We define a new outage probability for the secondary system, and a closed-form expression for the outage probability has been derived, which is validated by simulations.
• An asymptotic expression is also derived to reflect additional insights into the effect of the mutual interference between the primary and secondary systems on the diversity order of the proposed system, and it shows that the full diversity order is achieved only under a fixed interference from the primary system. • Increasing the number of relays is an effective way to improve the outage performance. This implies that, in practice, if the interference from the PT to the secondary receiver is too strong, then increasing the number of relays can mitigate the performance loss.
• To achieve high outage performance for the secondary system, network placement planning is desperately necessary. Moreover, a higher outage probability of the secondary system is obtained when secondary relays are placed at the symmetrical positions between two sources.
The rest of this paper is organized as follows. Section II describes the system model and the proposed schemes. The performance of and the opportunistic relaying strategy in CRNs over Rayleigh fading channels are analyzed, and a closed-form expression of the outage probability is derived in Section III. Simulation results are obtained and analyzed in Section IV. Finally, conclusions are drawn in Section V. 
II. SYSTEM MODEL
We consider an underlay cognitive two-way relaying network where two SUs, namely, source A (SA) and source B (SB), exchange messages through the assistance of M secondary relays, a PT and a PR, as presented in Fig. 1 . Similar to [4] , it is assumed that there is no direct link between the SUs, and each node is equipped with a single antenna operating in halfduplex mode. As a result, SUs communicate with each other by M available relays. Time-division multiple access based on an opportunistic relaying selection decode-and-forward cooperative protocol is used. The whole transmission is split into three phases. In the first phase, SA broadcasts its message to all the relays. Next, the message of SB is sent to all relays in the second phase. In the third phase, a relay is chosen to transmit the combined message to both SA and SB by using XOR operation. The relay selection method will be discussed in the following section.
We assume that all the links are independent and nonidentically distributed zero-mean Rayleigh flat-and block-fading channels. For simplicity, a, b, i, and p refer to SA, SB, the ith relay, and the PU, respectively. As shown in Fig. 1 , it is denoted that the channel gain between the transmitter x ∈ {a, b, i, p} and receiver y ∈ {a, b, i, p} as g xy = |h xy | 2 , which is exponentially distributed with parameter λ xy , where h xy is the channel fading coefficients of transmission links and interference links between x and y in the cognitive system. The thermal noise of receivers is modeled as additive white Gaussian noise denoted by N 0 . For ease of analysis, we utilize γ xy to represent the received signal-to-interference-plus-noise ratio (SINR) at each network node.
III. OPPORTUNISTIC RELAYING STRATEGY AND PERFORMANCE ANALYSIS A. Opportunistic Relaying Strategy
Cooperative diversity [2] can be used to improve the performance of systems and to extend their coverage by relay nodes in wireless networks. One possible strategy to achieve that is to utilize distributed space-time coding among participating nodes. In practice, distributed space-time code design is quite difficult due to the distributed and ad hoc nature of the cooperative links. Moreover, the number of distributed relays for cooperation is usually unknown and varying. Therefore, coordination among the cooperating relays is needed prior to the use of a specific space-time coding scheme designed for a fixed number of transmit antennas.
In contrast, an alternative solution to minimize the required cooperation overheads and to realize the potential benefits of cooperation simultaneously between multiple relays is the opportunistic relaying strategy [20] . The main idea is to select the best relay between the source and the destination to cooperatively retransmit with the overall relay power based on a maximum signal-to-noise ratio (SNR) policy. The opportunistic relaying method requires no knowledge of the topology and simplifies the required space-time coding and coordination among the cooperating terminals. It is proved that it can provide the same diversity-multiplexing tradeoff as obtained by the more complex distributed space-time-coded cooperative diversity [21] . Follow-up studies [22] - [24] showed that opportunistic relaying can achieve an optimal performance under a certain power constraint of the systems. However, opportunistic relaying selection is not common in cognitive two-way relay networks, and most of the published results on that consider the case of single-relay networks.
In this paper, unlike [22] - [24] in one-way transmission, the best relay is selected by the opportunistic relaying selection based on a maximum SNR policy, which is more suitable in TDBC and presented as
where min{γ ia , γ ib } in (1) represents a bottleneck to complete a bidirectional transmission successfully, that is, both SA and SB can receive the message from the other. In short, according to the received SNRs at relays, a set of relays that can decode both messages from SA and SB successfully is obtained first; then, the best relay is selected from that set to broadcast the combined message.
B. Exact Outage Probability Analysis
In the underlay scenario, the transmit power of SUs and secondary relays must be adapted so that the interference occurred at the PR is below a threshold Q, which is the maximum tolerable interference level to guarantee the communication of the primary system. Accordingly, the transmit power of SA and SB is adjusted to P a = Q/|h pa | 2 and P b = Q/|h pb | 2 , respectively. In the first and second phases, the received SINR at relay R i is, respectively, given as
Assuming that the transmission rate of the secondary system is R, hence, the received SINR at the selected relay should meet the inequality R ≤ (1/3) log(1 + γ) to assure that the selected relay can decode source messages successfully, where 1/3 indicates that a whole transmission process consumes three time slots. Define γ th = 2 3R − 1, and the successful decoding constraint can be simplified to γ ≥ γ th . Since each γ ai in (2) is not independent because of the inclusion of common random variable g ap , we can first calculate the cumulative density function (cdf) of γ ai conditioned on g ap = x, which is given by
where γ Q = Q/N 0 , and
It is assumed that the successful decoding relay set is R A (s) in the first phase. Since the number of successful decoding relay is random, that is, |R A (s)| is a random variable, we assume
where Then, the probability of |R A (s)| = k a is given as
where C k a M is the possible cases for the decoding set R A (s), and
Similarly, if we denote R B (s) as a set of relays decoding messages from SB successfully, the probability of
where
is the set of relays to decode both messages from SA and SB successfully, then we can derive the probability of
. Similar to (4), the probability of R(s) decoding successfully is calculated as
It is seen that there are C 
In the third phase, according to the opportunistic relaying strategy in (1), the best relay R j is selected to send the processed message to both SA and SB. Similar to (2), the instantaneous received SINRs at SA and SB are, respectively, given as
To achieve the opportunistic strategy in this proposed system, it is clear that the secondary relay must be aware of additional knowledge of the interfering channels g pa and g pb from (10). However, it is difficult for the relay to obtain this channel side information (CSI) of interfering channels directly. In practice, the CSI of the links between the secondary and primary nodes can be obtained through a direct feedback from the PU or through an indirect feedback by a band manager who coordinates the exchange of information between the primary and secondary systems. It has been convinced that it is difficult to calculate the outage probability of SA or SB independently in this case. Considering the outage performance of the whole secondary system, we define Pr[γ j < γ th ] as the system outage probability, which is distinguished from the related papers, that is, the system outage probability is defined as an outage event when either one of SA and SB is in outage. At the same time, we can use the system outage probability to measure the outage performance for each of them, which is more convenient for us to analyze the outage performance of both SA and SB.
If we denote γ i = min{γ ia , γ ib }, considering the correlation for every γ i , we can first calculate the cdf of γ i conditioned on (g pa , g pb ) = (x, y). Similar to (3), it can be given by
Lemma 1: The probability density function (pdf) of T = λ ia g pa + λ ib g pb is given by
Proof: See Appendix A. Lemma 2: Combining from (11)-(13), and using β ab (z) = [(λ ia + λ ib )z + λ ip γ Q ]/(γ P z), the cdf of γ j is presented as
where X(μ, β, n) is given by (5).
Proof: See Appendix B. Now, we can obtain the system outage probability of Pr[γ j < γ th ] = F γ j (γ th ) by setting z = γ th in (14) . Then, using (8) and (14) , the outage probability of the whole secondary system can be formulated in (15) . In particular, it is noted that the outage probability expression have two parts under the condition that there is no direct link. However, we find that Pr[γ j ≤ γ th ] = 1 by substituting k = 0 into F γ j (γ th ); hence, we combine the outage expressions of two parts into only one outage expression, which is revealed in (15) , shown at the bottom of the page.
C. Asymptotic Outage Performance Analysis
In the previous section, a closed-form expression on the proposed system outage probability has been derived, which is still too complicated to build the relationship between outage probability and system parameters. Meanwhile, for a relay selection communication system, the diversity order plays an important role on the performance metric, which essentially indicates the number of received independent fading signals at the receiver. The traditional diversity gain is defined as d = − lim γ→∞ (log P out (γ)/ log(γ)), where γ denotes the SNR of systems; in particular, no interference from the PU to the SU is taken into consideration.
Here, the diversity order analysis for the proposed system is addressed, where mutual interference between the PU and the SU is also considered. Moreover, the asymptotic outage probability expression in high-SNR regions is derived to reveal the diversity performance of the proposed system. To derive the diversity order of the considered system, we first calculate the asymptotic outage probability of such system in a high-SNR region. In this paper, N 0 → 0, that is, γ Q → ∞. According to Taylor series expansion formula and the limit theory, we have
Lemma 3: The probability of the successful decoding relay set R(s) can be asymptotically approximated as
Similarly, based on (27), the asymptotic expression for the cdf of γ j is written as
Proof: See Appendix C. By substituting (17) and (18) into (15), the asymptotic outage probability of the secondary system can be concluded as
In high-SNR regions, the higher order terms of 1/γ Q can be omitted. As a result, (19) can be further written as (20) , where ∝ represents "proportional to." Thus Because of the presence of the PT, the mutual interference between the PU and the SU is considered in the proposed system. From (20) , the diversity order of such system is also related with the interference γ P from the PT. Moreover, (20) is reduced to (1/γ Q ) M for a fixed γ P , and the proposed system has the full diversity order M without considering the interference from the PU. When the interference of the PU, i.e., γ P , is linearly proportional to the SNR γ Q , i.e., γ P = ργ Q , where ρ is a positive constant, (19) is reduced to P out ∝ (γ th ρ/λ ip ) M , which is independent of γ Q . Similar to [25] , an error floor of the secondary outage probability occurs in high-SNR regions for the whole SNR range yielding zero diversity order. In addition, we can observe that the interference from the PT badly degrades the system outage performance of the secondary system.
IV. SIMULATIONS AND ANALYSIS
Here, numerical results are presented to evaluate theoretical analysis by Monte Carlo simulations. Theoretical results are obtained from the equations derived in Section III. We assume the following parameters: N 0 = 1, and γ th = 1 bit/s/Hz.
The outage performance comparison between the analytical results and the simulation results is shown in Figs. 2, 3 , and 5-7. The theoretical analytical results and the simulation results are, respectively, represented by the solid line and the circle. In Figs. 2 and 3 , it is observed that the theoretical results are the same as the simulation results, which indicates that the theoretical analysis is valid and accurate. We can observe that the transmit power of the PT and the interference power constraint at the PT have the opposite influence on the outage performance of the secondary system; thus, we can achieve higher outage performance by adjusting both of them. Moreover, it is shown in Fig. 2 that the approximation according to (19) is very close to the simulation results in high-SNR regions, which indicates that full diversity is achieved for a fixed interference for the PU. Different from current analysis, we observe that the outage performance of the secondary system is inevitably affected by the transmit power of PTs in Fig. 3 . In addition, more relays for the secondary system can provide better outage performance because of the higher diversity gain.
In practice, particularly for a location awareness CRN, the location of key nodes may play an important role in improving network performance. To investigate the effect of the location on the performance and give some insights into optimizing the cognitive relay system design, we analyze the outage performance of the secondary system by changing the location of key nodes in a CRN, which will provide useful guidance for CRN deployment. As a matter of fact, considering that secondary relays play an important role in the cooperative communications, we should pay more attention to the location of secondary relays to achieve high performance. Apart from that, the relative location between the primary and the secondary system should not be neglected in consideration of spectrum sharing and mutual interferences to each other. To this end, based on the analytical and simulation results, we present three simple location optimization results by changing the network deployment, i.e., moving the locations of (a) secondary relays, (b) PT, and (c) PR, which are shown in Fig. 4 . The system model in a normalized Cartesian coordinate is shown in Fig. 4 . We place SA and SB at point (0,0) and (0,1), respectively. Assuming a path-loss exponent β = 3 in the system, we can obtain the parameter by λ xy = d −β xy , where d xy is the normalized distance from x to y.
Figs. 5-7 present the secondary-system outage probability when the locations of secondary relays, PT, and PR are, respectively, changing according to the three modes in Fig. 4 . It can be seen that the theoretical analytical results match well with the simulation results. Moreover, the secondary-system outage probability changes when the network deployment has changed.
In Fig. 4(a) , we change the location of relays along the line from SA to SB, and the outage probability results are presented in Fig. 5 . This can help us decide where the secondary relays should be placed to assist in the secondary transmission. In Fig. 5 , it is shown that the outage probability decreases with the relays getting far from both SA and SB. Moreover, a better outage performance is obtained when relays are close to the middle between two sources in this proposed system. In Fig. 4(b) , we get the location of the PT close to the PR while keeping the relative distance from the secondary system unchanged, and its outage probability results are presented in Fig. 6 . In Fig. 6 , we can find that the outage probability is nearly kept unchanged with the distance between the PT and the PR decreasing, while the distance from secondary system remains constant. It indicates that the location of the PT has a very slight impact on the performance when the relative distance between the primary and the secondary system is fixed.
We move the location of the PR along the line shown in Fig. 4(c) . The purpose for that is to obtain outage probability result when the relative location between the primary and the secondary system changes, which is presented in Fig. 7 . In  Fig. 7 , it shows that the outage probability decreases with the distance from the PR to the secondary system increasing. We can conclude that the relative distance between the primary and the secondary system is important for the system outage performance. To get a better outage performance, the location of the PR should be far from the secondary system.
V. CONCLUSION
In this paper, we have studied the outage performance for cognitive two-way relay networks under the PU's interference. Considering the links from the PT to secondary receivers, we defined a new system outage probability and analyzed the effect of the transmit power of the PT thoroughly. The exact outage probability was derived to provide an efficient method to investigate the impact of the related system parameters. Meanwhile, an asymptotic expression was also obtained to study the effect of the mutual interference between the primary and secondary systems on the diversity order. Our results show that the outage performance of the secondary system is inevitably affected by the transmit power of the PT and interference constraints. Furthermore, we also analyzed the secondary-system outage performance when network deployment is changing. In practical deployment for cognitive two-way relaying with opportunistic relay selection, proper network placement planning should be carefully considered.
APPENDIX A PROOF OF LEMMA 1
In view of the difficulty in calculating the integration of (12), using T = λ ia g pa + λ ib g pb , because g pa and g pb are independent, the joint probability density distribution is presented as
= λ pa λ pb e −(λ pa x+λ pb y) .
According to (21) , the cdf of random variable T is given as 
Then, we can obtain the pdf of T by calculating the derivative of its cdf obtained in (22) .
APPENDIX B PROOF OF LEMMA 2
Combining (11) with (13), the cdf of γ j is presented as 
where β ab (z) = [(λ ia + λ ib )z + λ ip γ Q ]/(γ P z).
APPENDIX C PROOF OF LEMMA 3
According to (16) , (3) can be written as the following expression in high-SNR regions:
where γ Q = Q/N 0 and γ P = P p /N 0 . Based on (24), (4) Similarly, the probability of R B (s) is obtained as
Substituting (25) and (26) into (8), we can obtain (17) . According to (16) , (11) can be also written as the following expression in high-SNR regions: 
Similarly, Substituting (27) into (23), we can obtain (18).
